The effect of oxygen content on the microstructure and mechanical properties of the Ti-29 mass%Nb-13 mass%Ta-4.6 mass%Zr (TNTZ) alloy was investigated in this study. The microstructural observation of TNTZ alloys, containing 0.1-0.4 mass% oxygen, subjected to solution treatment shows the presence of a single phase. With an increase in oxygen content, the hardness, tensile strength, and Young's modulus of TNTZ alloy increase, but its elongation decreases. Further, the phase precipitates in TNTZ alloys subjected to aging treatment at 723 K for 259.2 ks. The results of transmission electron microscopy and X-ray diffraction analysis indicate that the size and volume fraction of the phase increase with oxygen content. Corresponding to the changes in the microstructure, the mechanical properties of TNTZ alloy subjected to aging treatment at 723 K change with oxygen content. The increase in oxygen content leads to enhancement of the age hardening of TNTZ alloy, thereby increasing both tensile strength and Young's modulus of TNTZ alloy, but its elongation decreases due to the -phase precipitation. The mechanical properties of TNTZ alloy (Young's modulus: around 60-100 GPa, tensile strength: around 600-1400 MPa, and elongation: around 5-25%) vary significantly depending on oxygen content and heat treatment.
Introduction
Recently, it has been reported that impurity elements found in practical metallic materials sometimes provide the beneficial effect on their properties. [1] [2] [3] Titanium alloys normally contain oxygen, nitrogen, carbon, etc. as impurity elements. Although the concentration of these elements is considerably less, they significantly affect the properties of the alloys. The effect of oxygen, a strong -phase stabilizer, on the -transus temperature is around 7 times stronger than that of aluminum, which is also an -phase stabilizer. 4) Further, the aluminum equivalent of oxygen, which is used practically for estimation of -phase stability, is around 10 times higher than that of aluminum. 5) Oxygen addition is expected to cause solid-solution strengthening 6, 7) and to improve mechanical functionality, such as shape memory effect and superelasticity. 8) Moreover, the importance of oxygen for causing the unique characteristics of gum metal, a multifunctional titanium alloy, has been reported. 9) The authors have developed a biomedical titanium alloy, Ti-29 mass%Nb-13 mass%Ta-4.6 mass%Zr (TNTZ) alloy. [10] [11] [12] [13] [14] [15] The mechanical properties of the alloy can be improved by heat treatment via precipitation strengthening. [12] [13] [14] However, further improvement of mechanical properties of the alloy is required for putting into practical use. In this case, oxygen is one of the attractive elements, because the dissolution of oxygen in any constitutional phase is expected to lead to solid-solution strengthening and to enhance precipitation strengthening via phase stability changes. Therefore, in this study, the effect of oxygen content on the microstructure and mechanical properties of TNTZ alloy was investigated.
Experimental Procedure

Materials
In this study, three types of TNTZ alloys with different oxygen contents were prepared. The chemical compositions of these alloys are listed in Table 1 . TNTZ alloys containing 0.1 mass%, 0.2 mass%, and 0.4 mass% oxygen are denoted by TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 , respectively. The oxygen content was controlled by an appropriate addition of TiO 2 during ingot making. The ingots were hot forged to form circular bars with a diameter of around 20 mm. The oxygen content in the TNTZ alloy used in a previous study was 0.05-0.15 mass%, [12] [13] [14] [15] which corresponds to TNTZ 0:1 used in this study. Figure 1 shows the schematic drawing of the heat treatment employed in this study. Because oxygen is one of the -phase stabilizers, the -transus temperature of the alloys increases with oxygen content. Therefore, the solution treatment temperature was set to 1063, 1073, and 1093 K for TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 , respectively. The solution treatment was carried out for 3.6 ks in vacuum, and the treatment was followed by ice water quenching. The optical microscopy observations of the TNTZ alloys subjected to solution treatment revealed an equiaxed grain structure with a grain diameter of around 25-30 mm. Subsequently, the TNTZ alloys were subjected to aging treatment at 723 K for up to 259.2 ks in vacuum. The aging treatment was followed by ice water quenching.
Heat treatment
Evaluation of aging property
Aging properties of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 at 723 K were evaluated by the Vickers hardness test. Disks with a diameter of 20 mm and a thickness of 5 mm were cut from the heat-treated bars. Subsequently, the surface of the disks was wet polished using emery papers of up to 1500 grit. Then, the Vickers hardness of the disks was measured by using a load of 1.96 N for a holding time of 15 s.
Microstructural observation
After TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 were subjected to solution treatment and aging treatment, the constitutional phases of these alloys were identified by X-ray diffraction (XRD) analysis. The specimens used for the XRD analysis were same as those used for the Vickers hardness test. The scanning angle range was 30 -80 , and the scanning rate was 1 min À1 . Cu-K radiation was used at a voltage of 40 kV and a current of 30 mA.
Microstructures of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 that were subjected to solution treatment and aging treatment were observed by transmission electron microscopy (TEM). Thin disks with a diameter of 3.0 mm and a thickness of 0.5 mm were machined by electron discharge method. The thickness of the disks was reduced to 0.1 mm by wet polishing using emery papers of up to 1500 grit. Then, the thinned disks were further polished to form thin foils by twinjet electropolishing in a solution of 6 vol% perchloric acid, 34 vol% 1-butanol, and 60 vol% methanol. TEM observation was carried out at an accelerating voltage of 200 kV.
Mechanical tests
Mechanical properties of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 that were subjected to solution treatment and aging treatment were evaluated by tensile tests. The geometry of the tensile specimens used in the tests is shown in Fig. 2 . The tensile specimens were machined from the heat-treated bars, and the specimen surface was wet polished using emery papers of up to 1500 grit. The tensile tests were carried out using an Instron-type machine with a cross head speed of 8:33 Â 10 À6 mÁs À1 in air, at room temperature. Load and strain were measured using a load cell attached to the machine and a foil-type strain gage attached to the gage section of the specimens, respectively. The tensile strength, 0.2% proof stress, and Young's modulus of the specimens were obtained from the tensile stress-strain curve. The elongation of the specimens was obtained by measuring the gage length of the specimens before and after the tensile tests. Figure 3 shows the age-hardening curves of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 at 723 K. The values of the Vickers hardness of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 before aging treatment are 175, 191, and 214 Hv, respectively. This indicates that the hardness of the solutionized TNTZ alloys increases with the oxygen content. Further, the aging treatment at 723 K causes an increase in the hardness of the TNTZ alloys. The higher the oxygen content is, the higher the hardness of the aged TNTZ alloys is. Figure 4 shows the XRD profiles of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 after solution treatment. In all these profiles, diffraction peaks of the phase are only detected. Therefore, it is considered the solutionized TNTZ alloys consist of a single phase. Figure 5 shows the XRD profiles of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 subjected to aging treatment at 723 K for 259.2 ks. In these profiles, peaks of the phase are detected in addition to those of the phase. Further, the profile of TNTZ 0:4 shows sharp peaks of the phase, and the peak intensity of the phase decreases with a decrease in oxygen content. Because the peak intensity corresponds to the amount of second phase precipitated in the matrix, the Effect of Oxygen Content on Microstructure and Mechanical Properties of Biomedical Ti-29Nb-13Ta-4.6Zr Alloyvolume fraction of the phase precipitated during aging treatment may increase with an increase in the oxygen content in TNTZ alloy. Figure 6 shows bright-field images (BF), selected area electron diffraction patterns (SAD), and key diagrams (KD) of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 after aging treatment, obtained by TEM observations. In every BF, lath-shaped second phases are observed. The second phase coarsens with the increase in oxygen content; the average lath widths in the case of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 are around 29, 33, and 45 nm, respectively. The SAD analysis of the specimens reveals the diffraction pattern of the phase in addition to that of the phase. Therefore, the second phase is identified to be the phase. Consequently, from the results of XRD analysis and TEM observation, it is summarized that oxygen plays a role in promoting the precipitation of the phase in TNTZ alloy during aging treatment carried out at 723 K. Figure 7 shows the Young's moduli of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 after solution treatment and aging treatment. As a reference, the Young's modulus of the Ti-6Al-4V ELI alloy, conforming to the ASTM F136 standard, 16) is also shown in this figure. The Young's modulus of every TNTZ alloy is below 100 GPa. This value is closer to the Young's modulus of human bones than that of the Ti-6Al-4V ELI alloy. The Young's modulus of the solutionized TNTZ alloys increases with oxygen content. The microstructural observation of the solutionized TNTZ alloys reveals the presence of a single phase. Therefore, the increase in the Young's modulus of the solutionized TNTZ alloys can be attributed to the oxygen dissolution in the phase. On the other hand, the Young's modulus of the TNTZ alloys increases after aging treatment. Further, the TNTZ alloys with high oxygen content exhibit high Young's modulus. The microstructural observation of these alloys reveals coarsening of the phase and an increase in the volume fraction of the phase with the increase in oxygen content. Therefore, the increase in the Young's modulus of the aged TNTZ alloys probably depends on the size and/or the amount of the phase present in the phase. However, the distribution of oxygen dissolved in the phase and/or phase and its effect on the Young's modulus of each constitutional phase is still not clear in this study. Figure 8 shows the tensile strengths, 0.2% proof stresses, and elongations of TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 subjected to solution treatment and aging treatment. With the increase in oxygen content, the tensile strength and 0.2% proof stress of the solutionized TNTZ alloys increase, but their elongation decreases. Further, the change of tensile properties of the aged TNTZ alloys depending on oxygen content is found to be similar to that of the solutionized TNTZ alloys; with the increase in oxygen content, the tensile strength and 0.2% proof stress of the aged TNTZ alloys increase, but their elongation decreases. The dependence of the tensile properties of the solutionized and aged TNTZ alloys on oxygen content can be attributed to solid-solution strengthening and precipitation strengthening, respectively. However, the tensile properties of the aged TNTZ alloys are likely to be affected by oxygen dissolution in the phase and/or phase. Therefore, a detailed investigation of solid-solution strengthening after aging treatment has to be carried out. Figure 9 shows the balance between tensile strengths and elongations of solutionized and aged TNTZ 0:1 , TNTZ 0:2 , and TNTZ 0:4 . As a reference, the tensile strength and elongation of the Ti-6Al-4V ELI alloy, conforming to the ASTM F136 standard, 16) are also shown in this figure. Although the tensile strength of the solutionized TNTZ alloys is similar to or less than that of the Ti-6Al-4V ELI alloy, the elongation of the former is larger than that of the latter. On the other hand, the elongation of the aged TNTZ alloys is similar to or less than that of the Ti-6Al-4V ELI alloy, but the tensile strength of the former is higher than that of the latter. Further, as mentioned previously (Fig. 8) , in the case of both solutionized and aged TNTZ alloys, their tensile strength increases while their elongation decreases with the increase in oxygen content. Thus, in the case of the TNTZ alloys, the balance between tensile strength and elongation changes significantly depending on oxygen content. Therefore, the tensile strength and elongation of TNTZ alloys containing a certain amount of Effect of Oxygen Content on Microstructure and Mechanical Properties of Biomedical Ti-29Nb-13Ta-4.6Zr Alloyoxygen can be controlled by heat treatment over a relatively wide range of around 600-1400 MPa and around 5-25%, respectively, as their Young's modulus below that of the Ti-6Al-4V ELI alloy, i.e., within the range of 60-100 GPa is maintained.
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Conclusions
The effect of oxygen content on the microstructure and mechanical properties of the Ti-29Nb-13Ta-4.6Zr (TNTZ) alloy was investigated in this study. The following results were obtained.
(1) The Young's modulus, tensile strength, and 0.2% proof stress of solutionized TNTZ alloys increase while their elongation decreases with an increase in oxygen content; these changes can be attributed to oxygen dissolution in the phase. (2) The phase precipitates in the TNTZ alloys, containing 0.1-0.4 mass% oxygen, subjected to aging treatment at 723 K for 259.2 ks. The phase coarsens and its volume fraction increases with the increase in oxygen content in TNTZ alloy. (3) With the increase in oxygen content, the Young's modulus, tensile strength, and 0.2% proof stress of the TNTZ alloys subjected to aging treatment at 723 K for 259.2 ks increase, while their elongation decreases; these changes can be attributed to the -phase precipitation although the effect of oxygen dissolution on the properties of constitutional phase is still not clear. (4) Mechanical properties of TNTZ alloys can be controlled over a wide range (Young's modulus: around 60-100 GPa, tensile strength: around 600-1400 MPa, and elongation: around 5-25%) by subjecting the alloy to heat treatment and changing its oxygen content.
